INTRODUCTION
In 1912 Stewart delivered the Harvey lecture (9) on "Studies on the circulation in man," dealing almost entirely with blood flow in the hands and feet of both normal and abnormal persons. This lecture was preceded by two papers (8) concerning the measurement of blood flow in the hand and the effects of reflex vasomotor excitation. Since then, so far as I know, no additional experimental work on this subject has appeared in print other than the papers by Taylor. In all of his writing Stewart adheres to the statement, "the quantity of blood in grammes flowing through the hand in the time of the experiment is given by the equation.
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where Q is the quantity of blood, H the heat given off by the blood, T the temperature of the arterial blood, T, the temperature of the venous blood and S the specific heat of the blood" (9) . I have not been able to accept the Stewart equation for the determination of blood flow, neither do I feel that such an equation can be correctly applied to the determination of "Q, the quantity of blood flowing through the hand (or foot) in the period of observation" (8 be delivered to it by the immersed extremity and, if there are no losses in the calorimeter, the heat (Hle) given out by the extremity must equal the heat (HC) gained by the calorimeter and its contents. The fact that any given extremity has in its tissues a certain amount of heat or is at any determined temperature is evidence that there is or has been some flow of blood in that extremity, but it is not patent that calorimetric measurements afford a means of determining the quantity or rate of flow of blood. When a temperature gradient exists between the extremity and the bath into which it is immersed, there will be a flow or delivery of heat from the extremity to the water. This flow of heat must take place through the skin which has a conductivity K and a thickness D. Both of these factors no doubt vary considerably in different persons and practically nothing is known concerning either of them. Furthermore, the elimination of heat from the extremity is dependent not only on the rate or quantity of blood flow, but also on various conditions of the blood vessels and radiation factors, namely: (a) dilated or constricted capillaries2 or surface blood vessels, in which event the area of blood surface taking part in the transfer of heat will be increased or decreased and hence permit a greater or less transfer of heat, (b) the number of capillaries functioning, which is found to vary greatly in different individuals as has been demonstrated by microscopic studies of the capillaries of the skin (1, 2, 4, 6, 7), and (c) the capillary blood flow, dependent per se on the rate of blood flow in the capillaries and whether they are partially or wholly filled with blood at all times. In other words, the elimination of heat, as dependent on the blood per se, is conditioned by the total area of blood exposed in the surface capillaries and peripheral blood vessels, the number of capillaries functioning and the rate and quantity of blood flow in the capillaries. The transfer or conduction of heat from an extremity to the bath is dependent on the temperature gradient between the peripheral or surface circulation of blood and and the immersion bath, this being determined by the conductivity and the thickness of the skin.
THE EQUATION OF HEAT CONDUCTION AND THE RATE OF TRANSFER OF HEAT
In view of the foregoing remarks, the experiments of Brown, as well as those of Stewart, have to do primarily with the transfer or conduction of heat from one body to another and not with blood flow per se, these bodies being separated by an interface having a certain conductivity constant and temperature gradient. It seems logical to apply to these studies such mathematical equations as pertain to conduction of heat, and from the experimental data to draw conclusions relative to (a) the inherent heat capacityS or content of heat of the superficial tissues of an extremity, and (b) the rate of transfer or elimination of heat from the blood as dependent on its surface distribution and flow under the physical conditions of temperature of the bath, and so forth, set up in these experiments.
The well known equation for heat conduction (11) , which may be referred to as the quantity of heat eliminated by an extremity placed in a bath of known temperature, is Q=K(T,-TO)Dt (1) D in which Q is the quantity of heat in calories conducted from the extremity to the water, that is, eliminated from the foot, in a given time t; K is the conductivity constant, T1 and T2 are the temperatures respectively of the two bodies, one being at a higher temperature than the other; A is the area over which the conduction of heat from one medium to another takes place; D is the thickness and vascularity of the conducting layer, and t is the time of conduction of heat. Very approximately, then, the transfer of heat from an extremity placed in a calorimeter may be considered as shown in figure 1 a in which T1 represents the temperature of a liquid at a higher temperature than that of the bath at temperature T2. The area A, thickness D and the thermal conductivity K are quantities which must be known in addition to the values of T1 and T2 if the quantity of heat conducted in a given time t is to be calculated. In our present discussion, 3The inherent heat or thermal capacity of the foot represents the heat existing in the tissues with arterial flow checked. however, it is to be remembered that conditions are somewhat different from those in the simple system shown in figure 1 a because there is a circulatory system which, from the physical standpoint, may be considered as consisting of two portions, a central one and a peripheral one ( fig. 1, b and c) . This is not strictly true from the anatomic standpoint, but it is felt that this classification into superficial and deep crculatory portions is permissible. The peripheral circulatory system lies in tissue, of a specialized nature, the main The principles underlying the transfer of heat from a system of circulating liquid AB at temperature T1 through a layer of material of thickness D and conductivity K, the temperature gradient being T1 -T2; (b) the conditions when the circulatory system, from the physical standpoint, consists of two portions, a central one C and a peripheral one P; (c) diagrammatic sketch of circulation of the blood from artery A to vein B through capillary network; C.V., capillary venules; E., epidermis, and S.C., surface capillaries. function of which is the regulation of heat and thus is concerned with modifications of blood content and changes in the peripheral vessels. From the physiologic side there is evidence to indicate that moderate variations in one of these two general portions of the circulatory system of an extremity may function independently of the other. Recent investigations on the independent behavior of the skin capillaries when the arterial flow of blood is stopped adds some proof to this assertion (3).
It is also well known that the heat taken up by the calorimeter can be found from the equation H = (m +mt.) (Ts-T ) (2) in which H is the heat in calories developed in the calorimeter, of water equivalent m., containing a mass of water m, while T3 -T2 represents the rise in temperature during a given time t.
If, therefore, there are no losses in the calorimeter, or if such losses are determined and added into equation (2) , then equations (1) and (2) are identities.
The temperature of the arterial blood in the extremities doubtless varies slightly in different cases. Stewart (8) carefully investigated this matter and says: "We can consider that 36.7°C. cannot be far from the temperature of the arterial blood in this experiment." In the investigations presented in this paper, 37°C. has been taken, in general, as a satisfactory temperature, since the variation of a fraction of a degree in the value of the temperature of the arterial blood cannot affect the condusions to be drawn. (8) is, therefore, the fundamental one involved in all of these calorimetric studies, and from a determination of Ks, the rate of transfer of heat from the extremity immersed in a water bath, hoth in normal and abnormal subjects, it may be possible to establish conclusions of clinical importance.
Objections may be raised to the statement that the temperature gradient, that is, AT, is at all times equal to 379 -T, in which 37°C. is taken as the temperature of the arterial blood and T°is the temperature of the bath at any specified time, t. The assumption of a constant blood temperature of 37TC. gives, in the data and curves presented in this paper, the minimal rates of heat elimination, and postulates that the temperature of the venous blood leaving the extremity is close to the temperature of the arterial blood. Stewart (8) (4),
for this equation states-that the rate at which a body loses heat is proportional to the difference between its temperature and that of its surroundings. The rate at which an immersed extremity loses heat is the same as the rate at which heat is being gained by the calorimeter. As time goes on, the temperature gradient between immersed extremity and bath decreases, there is a lessened transfer of heat and as a result the curve representing the relation between temperature and time approaches a temperature the limiting value of which is theoretically the temperature of the arterial blood. Due regard for the statements made in the preceding paragraph was not taken, I believe, by Stewart in his investigations. The data on Stewart's experimen't no. 1, which is presumably typical of his experimental results, is quoted from one of his pxapers (8) . The blood flow is said to have changed from 12.8 grams to 10.29 grams in twenty-two minutes or a change of 2.5/11.6 (average), which is approximately 20 per cent for the right hand, and for the left hand 2.17/12.8 (average), or about 17 per cent. That is to say, the blood flow is said to have changed about 20 per cent in twenty-two minutes in a bath at an initial temperature of 26.75°C. and final temperature of 28.78°C. Such conclusions I believe to be erroneous because the relationship between rise of temperature in the calorimeter with time -of immersion of an extremity, as plotted in curve 1, figure 2 (data being taken from the experiment ho. 1 of Stewart, to which reference has been made), is not a linear one. This absence of a linear relationship between the rise of temperature and the time, which is again emphasized by curve 2, figure 2, two portions, marked AB and BC, respectively. The slight difference in the slope of the line during the first six minutes of immersion is doubtless due to vasomotor reactions. The curve as a whole, however, conclusively shows that the rate of elimination of heat from an extremity, as determined from calorimetric data given by Stewart, is a constant. There is, therefore, every reason to believe that the rate of blood flow remains constant, provided we include in the definition of the expression "blood flow" the various factors which are known to affect it or to be the equivalent of such flow and which are outlined in the introductory paragraphs of this paper.
Using the apparatus described by Kegerreis, together with accessory means of determining the area of an extremity, Brown has adopted a method of obtaining comparative heat transfers in calories for each square inch of surface. It has been his purpose to simplify the experiments clinically and he has therefore assumed a linear relationship between the rise in temperature in the calorimeter and the time after the break or knee in the curve has been passed. If his procedure is to be accepted as sufficiently exact, it must be justified by a comparison of ratios of the heat capacities of the extremities and the rates of transfer or elimination of heat due to the surface circulation as determined by the use of the logarithmic equation (8) fairly representative of the various groups which are indicated dinically.
In figures 6, 7 and 8 are plotted the results of the same experimental tests as are found in figures 3, 4 and 5, in terms of equation (7), that is, -log -lo (370 -TO) + K,t = C2 in which the y axis is taken as logloAT and the x axis as the time (t) in minutes. The same order of presentation of clinical classification is made as in figures 3, 4 and 5; figure 6 is for the normal, figure 7 for cases of polycythemia, and figure 8 obliterans. In each instance the curve number appearing in figure 3 is carried over for purposes of identification to the results plotted in figure 6 , and so on.
In figure 6 , is obtained. It is to be noted that in both the theoretic discussion 'and in the calculations involving equation (8) minutes. This is also evidenced in the sample set of data from Stewart and is shown in curve 3, figure 2 . In all the curves of figures 6, 7 and 8, it is found that, from the twenty-minute period on, there is no question that the rate of transfer of heat from the foot due to the superficial or peripheral circulation or distiibution of the blood remains constant for each particular case. Hence the relationship 1 T2 R3 = *-log * -4inte 10 20 0c0ur
is proved applicable to these investigations. The value of K3 (on the assumption that AT = 370°-T°) for each of the curves of figures 6, 7 and 8 is given in table 2. It is possible, therefore, to analyze all of the curves of figures 3, 4 and S into two portions, namely, the heat delivered to the calorimeter by means of the inherent heat or thermal capacity of the extremity proper, and the heat given up to the calorimeter as a sulmmation effect due to the peripheral blood vessels or surface circulation. Figures 10, 11 and 12 show this analysis graphically. There are three curves in each of these figures; curve 1 represents the heat capacity or inherent beat of the superficial portions of the extremity plus the elimination of heat due to the surface circulatory system; curve 2, the heat eliminated by reason of the surface circulation only, and curve 3, which is the difference between the readings of curves 1 and 2, the inherent thermal capacity of the extremity. Figure 10 is for an average normal (curve 5, fig. 3 ), figure 11 for a case of polycythemia (curve 1, fig. 4 figure 10 is obtained by projecting the line BC of curve 5, figure 6 , back to the y axis. By means of the original curve 5 of figure 3 (which is replotted as curve 1 of figure 10 ), the values of AT for the immersion periods (in minutes) plotted in curve 1, figure 10 , can be determined from the-projection of the line BC (curve 5, fig: 6 ). Obviously there Is no need to proceed further than the points marked B, of figures 6, 7 and 8, since CE1ARLES SEEARD the portions BC represent graphically the transfer of heat -due to surface circulation only. To amplify these statements I have in figure 10 drawn the complete original curve D1B1F (curve 5, fig. 3 ), the corresponding complete curve D1B2G of heat transfer due to the temperature gradient established by surface circulatory conditions (obtained from curve 5, fig. 6 ) and the curve D1B3H, which is the difference between curves 1 and 2 of figure 10 and which therefore, FIG. 11 . SAME AS FIGURE 10; CASES OF POLYCYnMXIA I 'believe, represents the "temperature rise with time" conditions due to transfer of heat to the calorimeter from the extremity only. It will be noted that the portion BJI of curve 3, figure 10 , is a straight line parallel to the x axis, as it should be.
The data for curve 1 of figure 10 are: mass of water plus the water equivalent of the calorimeter equalled 4,180 grams; AT for the extremity only at the end of twenty-six minutes (point B3, curve 3) was 1.88°; the volume displaced by the foot immersed was 1,175 cc., 347 348 and the area, as obtained by the Kegerreis method, was 115 square inches. These data show that the heat delivered to the calorimeter, due to the inherent heat or heat capacity of the foot, averages 0.256 calorie for each cubic centimeter each minute, or that 2.62 calories for each square inch each minute are delivered on account of this heat capacity. Likewise, considering the same period of time, it can be shown that the peripheral or surface circulation, per se, produced 0.073 calorie for each cubic centimeter each minute, or 0.75 calorie for each square inch each minute. Similar data can be obtained from the curves of figures 11 and 12, for which the accessory data are: volume 1,125 cc., area 118 square inches (fig. 11) Possibly an easier and just as satisfactory a method, especially in finding ratios between the inherent heats (or thermal capacities) of the extremities of normals and those obtained in cases of disease is to use a planimeter and to find the areas included between the portions AB of the curves of figures 6, 7 and 8 and the projections of the lines BC to the points of intersection at the y axis. Such an area is represented as ABM in curve 5, figure 6 .
I have included in the data of table 3, under method 3, the heat capacities of the extremities as determined by obtaining the areas of (log.AT) -(t). It will be noted from table 3 that the ratio of the average heat capacity of the normal by method 2 to the average normal heat capacity by method 3 is 1.91/1.52, or 1.24; and that the ratio of the average heat capacity in polycythemia by method 2 to that by method 3 is 2.17/1.80, or 1.21. These ratios are in excellent agreement. However, in the case of Buerger's disease, this ratio as determined from a comparison of methods 2 and 3 turns out to be 0.55/0.11, or 5. Possibly no comment is necessary other than that different methods of handling data may give results which are not in themselves necessarily comparable. These and similar curves and data give us a basis for certain deductions which, while they may be but a first approximation to the truth and may need further revision and amplification, are of physiologic importance. In the first place, it appears that, in normal subjects, the rate of transfer or elimination of heat due to surface circulation, that is, Before passing on, I emphasize that part of the routine in all the the experimental work discussed in this paper, which consisted in keeping the subject without breakfast and at rest for at least onehalf hour before an experimental test, and in making him sufficiently comfortable to insure few, if any, bodily movements, particularly of the extremity immersed in the calorimetric bath. Both of these precautions are quite necessary if useful results are to be obtained.
Furthermore, the curves of figures 3 to 8 inclusive and the data of table 3 show that the average inherent heat capacities (calories eliminated for each square inch each minuite) are as follows: normal, 1.91; polycythemia, 2.17, and thrombo-angiitis obliterans, 0.55. The average values for the rate of heat flow by reason of capillary activity are: normal, 43 X 10-7; polycythemia, 114 X 10-7, and thromboangiitis obliterans, 22 X 10-7 for each square inch each minute. It is not, of course, permissible to attach any undue significance to any average value obtained from the data from a few cases only. But these data substantiate, in a general way, the very conditions which should be expected a priori. For polycythemia is a condition of excess in the number of red corpuscles and in the blood volume. It would therefore follow that the number of active capillaries (and possibly size and rate of blood flow) would be in excess of that found in normal persons, hence giving a greater area of peripheral blood surface, and would therefore enhance the rate of flow of heat as compared with the rate for normal persons. However, the inherent heat capacity of the extremity, in an uncomplicated condition of polycythemia, would be increased but little, the whole mechanism of circulation being regulated to conduct and radiate heat from the surface at a greater rate, under a given temperature environment, than in the normal. This point is further substantiated by various microscopic and photomicroscopic studies of the capillaries in cases of polycythemia made by Brown, from the clinical and medical standpoint, and by my own physical data and experimentation. In such cases, following the reduction of blood volume the number of capillaries, visible and functioning in a given specified area, has been found to be very considerably reduced, although there are but slight, if any, changes in rates of blood flow in the capillaries, or in the calibers or lengths of the visible portions of capillaries. SUMMARY 1. Calorimetric methods and data cannot be used to determine the quantity or rate of blood flow.
2. Only quantities (Q) of heat and rates (K3) of transfer of heat can be determined in such calorimetric investigations, in which a temperature gradient (T1 -T2) exists between the immersed extremity and the calorimetric bath. (a) that given by the transfer or elimination of heat by virtue of the temperature gradient existing between the foot and the calorimetric bath due to the inherent thermal capacity of the extremity plus the effects due to surface circulation, and (b) that given by the transfer or elimination of heat due solely to circulatory conditions at or near the surface.
6. From a study of a normal person under various conditions of environmental temperature and under the conditions of experimentation stated, there is evidence that: (a) the rate of transfer or elimination of the heat due to the surface or peripheral circulation per se is approximately very directly proportional to the temperature, in degrees Centrigrade, of the surrounding environment; (b) the inherent thermal capacity of the superficial or surface layers of the extremity increases proportionately to the square of the temperature, in degrees Centigrade, of the surrounding atmosphere or environment, and (c) when the temperature of the surrounding environment falls to approximately 15°C., the rate of transfer of heat from the exposed surface of a resting body becomes negligibly small as is indicated by the value of the rate of heat elimination due to the existing conditions of surface circulation.
7. A comparison of data on the inherent thermal capacities of extremities in selected normal subjects, three cases of polycythemia and four cases of thrombo-angiitis obliterans (Buerger's disease), shows that there is but little difference in general between that in normal subjects and that in cases of polycythemia, but that there is a marked difference between the values in normal subjects and those obtained in cases of Buerger's disease. 8 . A study of the rates of elimination of heat at the surface of an CHARLES SHEARD extremity, due to conditions of surface circulation, indicates that this rate of heat elimination was found to be from two to five times as great in the cases of polycythemia as in the normal subject under similar environmental temperature, and again, about half as great or less in cases of thrombo-angiitis obliterans (Buerger's disease) as in normal subjects.
9. Tables and discussion of results are given in which the ratios of heat transferred in calories for each square inch of surface of extremity each minute, due to the inherent thermal capacity and the rate of elimination of heat by reason of the peripheral or surface circulation, are compared by various methods.
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